-INTRODUCTION
The toroidal winding of a tokamak is the object of the present work. The winding is composed by wedge-shaped modules which constitute angular portions of the torus and contain the coils. I n order t o d e sign correctly this system, i t is necessary t o know the forces and the moments acting on each coil in nominal operation and particularly in fault conditions. I n this paper are illustrated t w o mathematical models. The first model calculates the coefficients of mutual induction and the derivatives of them as regards t o particular directions. This coefficients are needed for the evalutation of the forces and of the moments in nominal operation. I n the second model the electromagnetic parameters are utilized for the analysis of the behaviour of the toroidal winding in fault conditions.
-THEORETICAL ASPECTS
The toroidal winding in the tokamak is constituted by N wedge-shaped coils as shown in Fig. 1 . A local coordinates system is connected t o each modules (Fig. 2) . The position of the local system with respect t o the main coordinates system is shown in Fig. 3 . A section of a winding on the x,, y, plane is shown in Fig. 4 . The geometrical parameters indicated in this figureareemployed as input in the theoretical models. I n order t o calculate the coefficients of mutual induction and their derivatives, the following assumptions are made:
-closed and stiffly bounded system -toroidal field alone -stiff module -quasi-stationary system (every part o f the system is sensible t o a perturbation practically at the same time).
-the relative permeability of the materials is equal t o 1 -the energy is stored only i n the magnetic field -the modules are identical
The following relations are derived for the k coil:
Eq. 1 assumes the coil as a perfect conductor. This is not a binding assumption because the resistive component does not contributes t o determine the forces.
When a current goes through the coil a system of electromagnetic forces rises. This system is equivalent t o a force Fk applied t o 0, and t o a moment dk. The components in the generic Q direction of Fk a n d X k are given respectively by eq.s 2 and 3
where wa is the rotation around the axis passing through Ck in the direction of Q. When a current ik goes through the k coil with self-inductance Lk, the energy is given [I] by W = 112 Lkii but
where V, and Vk are the volumes occupied by the conductors. j i : is the spatial distribution of the current density in the coil and it is defined by
The force acting along the l? directipn on the k coil, produced by h coil, is
or, in general terms where
The calculations of the mutual induction and of the forces i n nominal operation, is then possible. I n order t o apply the study t o the fault conditions, t w o further assumptions are made:
-the current in the not short-circuited coils is equal t o the current i n nominal operation. This assumption is imposed by the feed-back of the supply system -the coil is adiabatic: there is not heat exchange between adjacent coils or between the coils and the structure o f the magnet. Assuming as "fault" the short-circuit o f one or more coils, the configuration of the system is described i n the following way. The whole o f the coils is divided i n groups: the 0 group contains aH the not short-circuited coils; the groups with ordinal numbers greater then 0 contain the short-circuited coils. Better specifying: a short-circuited coil constitutes a group; t w o or more short-circuited coils, but connected in series (the short-circuit occurs between the ends o f the series) constitute also a group; t w o or more indipendently short-circuited coils constitute t w o or more groups.
The Kirchoff equations, applied t o the electric circuit defined by the group structure, assume the form MEg is the mutual inductance between the k group and the g group (MZ is the self-inductance of the group) R$ is the resistence of the g group, i , and i , are the currents i n the k and g groups. The connection between the mutual inductance of the groups and those of the coils is given by Nk Ng M : = 1. 6 ML. . The coefficients of mutual induction and their derivatives are summarized i n Tab. 3. Fig.s 6, 7 and 8 show the variation, with respect t o the nominal operation, of forces and moments acting on coils 1 t o 3 in each fault case. The Fig. 9 shows the behaviour of the current in the 1 group. From the comparative analysis of the obtained values appear that the heavy fault is the short-circuit of only one coil.
The proposed theoretical model allows the complete analysis of the behaviour of the toroidal winding in the different operating conditions. 
